Water treatment residues (WTR), the by-products of the production of potable water, are chemically benign, inorganic materials which are suitable for disposal by land application, though they are frequently reported to have high phosphorus (P) sorption capacities. An understanding of the distribution of inherent P in WTR is, however, required, if sorption-desorption processes are to be correctly interpreted. The aim of this investigation was to characterise the chemical properties relevant to P-sorption/desorption processes of 15 South African WTR and to determine the inherent distribution of P within the WTR using a chemical fractionation procedure. The pH, exchangeable Ca and organic carbon content ranged from 4.77 to 8.37, 238 to 8 980 mg·kg -1 and 0.50 to 11.6 g·100 g , respectively. Mechanisms of P-retention are residue specific, being dependent on the chemical properties of the WTR. Elevated Ca and amorphous Al and Fe concentrations did, nevertheless, suggest that all residues had the capacity to adsorb high amounts of P and to retain this P in forms unavailable for plant uptake.
Introduction
The production of potable water from turbid primary sources requires the removal of suspended and dissolved solids, organic matter and other contaminants from the raw water source . This is achieved through the addition of treatment chemicals which isolate unwanted constituents through flocculation and coagulation processes. The physical and chemical characteristics of the resulting water treatment residues (WTR) depend largely on the characteristics of the raw water source, the coagulant type used and dosage applied and other relevant facility-specific operating conditions (Babatunde and Zhao, 2007; Ippolito et al., 2011) .
Water treatment residues have been classified as coagulant, lime or softening, natural or manganese residues, where coagulant and softening residues representing the majority of residues (approximately 70% and 25%, respectively) (Babatunde and Zhao, 2007) . Coagulant residues are formed when alum salts (Al 2 (SO 4 ) 3 .nH 2 O), ferric salts (FeCl 3 , Fe 2 (SO 4 ) 3 ) and organic polymers are added to raw water (Ippolito et al., 2011) . These materials act as effective coagulants by destabilising dispersed particles, providing new particles that accelerate the rate of particle collision and thus aggregation and by acting as strong adsorbents of dissolved organic materials and many trace contaminants (Elliott et al., 1990) . Softening residues are comprised primarily of calcium and magnesium carbonates which are formed when lime, sodium hydroxide and/or soda ash are used to treat hard or alkaline water. Some water treatment plants may also add organic polymers or metal salts to remove fine precipitates, colour or turbidity present in the raw water. In general, most WTR may be described as particulate or gelatinous substances composed of aluminium and iron hydroxides, carbonates of calcium and magnesium, inorganic particles such as clay or sand, coloured colloids, microorganisms and other organic and inorganic matter removed from the water being treated (Albrecht, 1972) .
The chemical properties of WTR have been well documented, with many studies confirming their generally benign nature (e.g. Dayton and Basta, 2001; Ippolito et al., 2003; Titshall and Hughes, 2005; Babatunde and Zhao, 2007; Ippolito et al., 2011) . Babatunde and Zhao (2007) and Ippolito et al. (2011) have reviewed research investigating the high phosphorus (P) sorption capacity reported for many WTR. The P adsorption and desorption behaviour of WTR has been linked to the presence of metallic hydrous-oxides, Ca and organic compounds, pH, particle size and number of micro-pores (Dayton, 1995; Boisvert et al., 1997; Ippolito et al., 2003; Makris et al., 2005; Ippolito et al., 2011) . Babatunde and Zhao (2010) investigated the kinetics of P-sorption of alum WTR. They report that initial sorption occurs on surface functional sites until these are saturated, and then by diffusion into pores for further sorption. They also found that the rate of sorption increased as the P concentration of the solutions increased. Yang et al. (2006) suggested that the sorption mechanism was through the displacement of surface functional groups by phosphate ions, indicating that ligand exchange processes were dominating.
It is due to the generally high P-sorption capacity of WTR that several studies have investigated the use of WTR to reduce P concentrations in P-contaminated environments (e.g. Dayton et al., 2003; Makris et al., 2005; Razali et al., 2007; Babatunde et al., 2008; Babatunde and Zhao, 2009) . While a number of these studies have characterised the properties of WTR and related these to P-sorption capacity (see review by Ippolito et , 2011) , no studies were found that investigated the chemical distribution of the inherent P in WTR. It is argued here that an understanding of the inherent (or natural) P content and distribution in WTR is required to better understand the sorptiondesorption behaviour and also the potential for land application or as an environmental P-sorbent. Thus the primary objective of this investigation was to characterise the inherent distribution of P within 15 South African WTR using a chemical fractionation procedure. This included separating the P in the WTR into labile (plant available) and non-labile (chemisorbed) fractions, with consideration of organically-and inorganically-bound phases. In addition, selected chemical properties that may affect the distribution of the inherent P are investigated and the relationship between these properties, as well as the different P fractions, determined using simple correlation statistics.
Materials and methods

Material collection and chemical characterisation
Fifteen WTR from a range of South African water treatment facilities were collected to represent a range of WTR types. With the exception of 1 WTR, all of the residues were generated through coagulation/flocculation processes, though information about specific treatment chemicals was not supplied by the water treatment facilities. In the case of the WTR 13, it was indicated that large amounts of lime were used resulting in a lime residue, though additional coagulation and flocculation were used for thickening purposes. The WTR were all air-dried and milled to pass a 2 mm sieve for chemical analysis, unless otherwise indicated. The pH was measured in distilled water using a Meter Lab PHM 210 pH meter with a standard glass electrode in a WTR: solution ratio of 1:2 (10 g WTR:20 mℓ distilled water) after shaking for 1 h on a reciprocal shaker (Dayton, 1995) . Exchangeable Ca was determined after extraction with 1 mol·ℓ -1 NH 4 NO 3 using a Varian Spectra AA200 atomic absorption spectrophotometer. Plant available phosphorus was estimated by extracting with AMBIC solution (0.25 mol·ℓ -1 ammonium bicarbonate, pH 8.3) and P was determined colourimetrically (The Non-Affiliated Soil Analysis Work Committee, 1990) on a Varian Cary 1E UV-Visible spectrophotometer. Readily oxidisable organic carbon (OC) was determined titrimetrically following potassium dichromate oxidation on < 0.5 mm material (Walkley, 1947) .
Oxalate extractable Al, Fe and P were determined after extraction with acid ammonium oxalate (0.175 M) at pH 3 (Loeppert and Inskeep, 1996) . All residues were pre-treated with ammonium acetate to prevent the precipitation of Ca-oxalate salts. After extraction, samples were centrifuged at 3 500 r·min -1 for 10 min and analysed for Al, Fe, Ca and P using 1967) . Extracts were analysed for Al and Fe by AAS. All extractions, with the exception of the pyrophosphate extraction (0.3 g samples), were carried out in duplicate on 0.5 g samples.
Phosphorus fractionation
The distribution of inherent P in the 15 WTR was determined using a sequential phosphorus extraction procedure (Zhang and Mackenzie, 1997) on duplicate 0.5 g samples. This procedure identified soluble and 'loosely' held P (bicarbonate extraction), Al and Fe oxide surface bound P (NaOH extraction), Ca bound P (HCl extraction) and residual P (H 2 SO 4 digestion) ( Table 1) .
Aliquots of the bicarbonate and hydroxide extracts (10 to 15 mℓ) were acidified with 2 mol·ℓ -1 HCl to precipitate extracted organic matter and the supernatant analysed for inorganic P (P i ). The remainder of the bicarbonate and hydroxide extracts were analysed for total P after a H 2 SO 4 /H 2 O 2 digestion (Zhang and Mackenzie, 1997). Organically bound P (P o ) was determined as the difference between total P and P i . This permitted the separation of soluble and 'loosely' held P and Al and Fe oxide surfacebound P into their respective inorganic and organic components. Plant available P i was estimated by extracting with 1 mol·ℓ -1 bicarbonate and 0.1 mol·ℓ -1 NaOH. Inorganic P in all extracts and digestion solutions was determined colourimetrically by the molybdate blue method (Murphy and Riley, 1962) . Total P was calculated as the sum of the fractionated components.
Results and discussion
Chemical characteristics
The range in pH values for the 15 WTR (4.77 to 8.37) ( Table  2 ) was similar to that of 17 WTR from Oklahoma (5.29 to 7.77; Dayton, 1995) . In most cases, the WTR were neutral to alkaline with the exception of the WTR 4 and 8. Ammonium nitrate extractable calcium content ranged from 238 mg·kg -1 in the acidic WTR 4 residue to 8 980 mg·kg -1 in WTR 5. The only (2005) had previously investigated WTR from the same water treatment facility and found that a relatively small proportion of the total Ca present in the WTR was readily available (approximately 2.5%). However, in general, the range of these values suggests that there is varying potential for the formation of insoluble calcium phosphate compounds. Organic carbon content ranged between 0.50 and 11.6% (Table 2) and is related to the characteristics of the water treatment chemicals and raw water quality. The AMBIC extractable phosphorus values ranged from 1.01 to 37.0 mg·kg -1 , which likely reflects the variability in P concentrations of the raw water sources and treatment chemicals, though this was not specifically measured here. The highest AMBIC extractable P concentrations (> 20 mg·kg -1 ) were measured (in decreasing order) in the WTR 12 > 5 > 2 ≈ 9 (Table 2 ). Typical AMBIC P concentrations for South African soils have been reported to range between 0.3 and 15.3 mg·kg -1 (Schmidt et al., 2004) , suggesting that the WTR with high P concentrations may be beneficial from an agronomic perspective and that the land application on P-deficient soils may be of some potential value.
Amorphous Al (Al ox ) and Fe (Fe ox ) ranged from 1 401 to 82 947 mg·kg -1 for Al and 3 865 to 140 569 mg·kg -1 for Fe ( ). This may reflect differences in treatment chemical types and dosage as well as differences in the nature of the particulates removed from the raw water sources.
This non-crystalline component is of particular relevance with respect to P-sorption due to their large specific surface areas and chemical affinity for phosphate. The P saturation index (PSI) values show that for PSI < 100% there is an excess of reactive Al and Fe while PSI > 100% indicates that reactive components are saturated by an excess of P (Elliot et al., 2002) . The values measured ranged from 0.011 to 1.58%, indicating a low P-saturation index ( (Table 2) . This extraction, which removes finely-divided, crystalline mineral phases, amorphous inorganic Al and Fe and organic-complexed components, provides a measure of total 'free' Al and Fe oxide contents. Therefore, it was not expected that dithionate fractions would be, for the majority of residues, less than the poorly crystalline fractions removed with the oxalate extraction. Loeppert and Inskeep (1996) have noted that the dissolution efficiency of the dithionate reagent is strongly affected by particle size. Therefore, dithionate extraction efficiency may have been reduced due to insufficient reduction in particle size prior to analysis. However, the ease with which amorphous components are dissolved does suggest that particle size variation is of limited importance. Pyrophosphate extractable Al (Al py ) and Fe (Fe py ) values, which varied from 130 to 37 200 mg·kg -1 for Al and from 230 to 90 000 mg·kg -1 for Fe (Table 3) , were generally less than oxalate and dithionate extractable fractions. Aluminium and Fe extracted in this procedure are considered organically bound and may consist of crystalline and amorphous fractions. Elevated values (e.g. WTR 1 and 7) may, therefore, reflect the additional dissolution of poorly ordered Al and Fe phases not associated with organic matter (Bertsch and Bloom, 1996) . The positive correlation coefficient between oxalate and dithionate extractable Fe fractions (0.96; Table 3 ), in part, supports this argument. However, this relationship was not as clear for the oxalate and dithionate extractable Al fractions that had a markedly weaker correlation (0.53; Table 3) than that of the Fe fractions. However, the positive correlation between Al ox and organic carbon content (0.56), while not a strong relationship, does suggest 718 that a proportion of the amorphous Al component is complexed with organic matter. This has important implications with respect to P-sorption processes given the greater reactivity of organic Al compared to mineral-bound fractions (Bertsch and Bloom, 1996) . This, however, requires further investigation.
Phosphorus fractionation
Total P concentrations ranged from 1 149 to 1 727 mg·kg -1 (Table  4) , which is within the typical range for WTR (300 to 4 000 mg·kg -1
; Dayton et al., 2003) . These values are lower than total P concentrations reported for South African sewage sludges (range 4 100 to 41 000 mg·kg -1 ; Korentajer, 1991)) and within the typical range for soils (200 to 5 000 mg P kg -1 ; Lindsay, 1979) . The fractionation data (Table 4) suggests that most of the P is present in forms that are not readily available for plant uptake as the soluble inorganic P and the inorganic P held on mineral surfaces through weak chemical interactions only comprised a small fraction of total P (Table 4 ). Most of fractionated P was bound as organic, calcium and residual forms, for all WTR. The high concentration of P present in the fixed fractions for all WTR does, however, indicate that P-supplying capacity of these WTR is limited. This has been demonstrated by Dayton and Basta (2001) who found that tomatoes grown on WTR exhibited P deficiency 719 even when Olsen and Mehlich III extractable P values were within adequate soil levels. This suggests that WTR are unlikely to make a positive contribution to bioavailable P pools unless unavailable P is released from the fixed fractions through exchange or dissolution mechanisms. The organically-bound P fraction P ranged from 24.6 to 54.7% and, though not considered immediately plant-available, mineralisation of this fraction may increase bioavailable inorganic P pools. The rate at which these organic compounds release P will be affected by the stability of the organic compounds, which may include both organic compounds derived from the raw water and from treatment chemicals (organic polymers, activated charcoal). Butkus et al. (1998) hypothesised that organic polymers, in addition to Fe and Al oxides, were responsible for a significant fraction of the P sorbed to a ferric WTR, where models predicted that phosphate associated with quaternary polyamine constituted up to 40% of the phosphate bound by the WTR at high P loadings. This finding is likely to apply equally to P present in the raw water when it comes into contact with the organic polymers used to treat the raw water. The poor correlation between the sum of organic P fractions (extracted with bicarbonate and hydroxide) and OC (r = -0.11) (Table 3) suggests that P is not necessarily associated with the readily oxidisable organic carbon compounds in the WTR. As the method used to estimate OC in this study (dichromate oxidation) was developed for readily oxidisable carbon fractions it may not give a true reflection of recalcitrant carbon compounds. Given that P o was determined as the difference between total P and P i , and that total P was determined on each extract after acid digestion, it is likely that the values determined for P o reflected P contained in the stable, recalcitrant carbon fractions of the WTR. With the exception of WTR 5, the quantity of P present in non-labile Ca forms was low relative to other fractions (Table  4) . Possibly, extensive precipitation of P-rich solid phases is inhibited by competing adsorption reactions (Dayton, 1995) and inherently low P contents. The positive correlation between HCl extractable P and Ca content (r = 0.76) (Table 3 ) does, however, suggest an association between P and Ca, although the mechanism of retention remains unclear. The labile P fractions (bicarbonate and hydroxide extracts) tended to increase with an increase in Ca content even though it is expected that P concentrations would decrease with an increase in Ca content due to solid-phase precipitation. Possibly, a proportion of inherent labile P is retained on Ca mineral surfaces through weak forces of attraction as opposed to surface precipitation or specific sorption processes.
Residual P ranged from 41.9 to 60.9 % of the total (Table  4) , and represented the largest fraction of the inherent P in most of the residues. This fraction is expected to be comprised of inorganic and organic P strongly chemisorbed to mineral surfaces or occluded within mineral structures, and is considered 'fixed' and not available for plant uptake. The P sorbed to amorphous Al and Fe oxides (19.4 to 93.8 mg·kg -1 ) (Table 4 ) reflects the addition of varying quantities of Al and Fe coagulants during the different treatment processes. The P sorbed to these oxide fractions comprises a significant fraction of total inherent P. It is difficult to determine from which fraction the oxalate extractable constituent is drawn without knowledge of amorphous Al and Fe distribution, although most oxalate P is expected to be extracted from the residual fraction. In addition, the formation of Ca-oxalate salts during extraction may also reduce the effectiveness of the extractant in WTR containing appreciable amounts of available Ca (e.g. Maguire et al., 2001 ).
Conclusions
The characterisation of these 15 WTR has shown a high degree of variability in the chemical properties relevant to P-sorption and desorption processes. The use of specific treatment chemicals in varying quantities to treat raw water sources, which have their own distinctive characteristics, means that each residue has unique chemical properties. Phosphorus sorption processes should, therefore, be residue specific. The extent to which P is retained or released by WTR will nonetheless be extensively influenced by a few important composition variables. Amorphous Al and Fe oxide in particular, have been shown to be strongly correlated to P-sorption capacity (Dayton, 1995; Haustein et al., 2000; Yang et al., 2006) , while high Ca contents favour the precipitation of insoluble calcium phosphates (Dayton, 1995) . Phosphorus saturation indices have also been shown to give a good indication of P-fixing potential, particularly in Al-and Fe-based residues (Elliot et al., 2002 , Ippolito et al., 2011 . It follows, therefore, based on chemical characterisation data, that all residues would be expected to adsorb high amounts of P. Furthermore, elevated amorphous Al and Fe and Ca contents suggest that sorbed phosphorus will be retained in forms unavailable for plant uptake.
Chemical fractionation revealed that most of the P in the WTR was present in forms that were not available for plant uptake. While total P values were comparable to typical soils, most P was bound in non-labile organic or residual forms. This, in conjunction with their elevated quantities of reactive Al and Fe oxides, suggests that plants growing on WTR-amended soils may be subjected to growth-inhibiting P deficiency. While this has been confirmed by numerous studies involving pot experiments (Bugbee and Frink, 1985; Cox et al., 1997; Hyde and Morris, 2000) , studies by Elliott et al. (1990) , Basta (2000) and , have shown that under field conditions P deficiencies are not observed. For instance, Hughes et al. (2005) noted that ryegrass grown on WTR-amended soil showed no indication of P deficiency even though the grass roots were concentrated within a WTR mulch layer. This suggests that this residue has sufficient P to satisfy plant growth requirements even though labile P fractions were below adequate soil levels. The high amount of P present in organically-bound forms is, in this regard, of particular interest. The absence of P deficiencies under field conditions could be attributed to the slow mineralisation of this fraction. In addition to this, plants may themselves increase labile P pools through disequilibria and ligand desorption mechanisms.
However, despite results from work by Hughes et al. (2005) and others suggesting no negative impact under field conditions, variation in inherent P distribution means that agronomic applications of WTR should be treated independently. For example, research by Oladeji et al. (2007 and indicates that in P-deficient Florida soils additional P-sources are required to counter the high P-soprtion potential of the WTR used. With respect to the WTR investigated in this study, the content and availability of inherent P are thus also a consideration prior to land application. Residues with low amounts of labile P may, for example, require P treatment prior to or at the time of land application. Ultimately, the success of land application needs to be assessed for each residue on a field scale. From an environmental perspective, the stability of the inherent P component is highly favourable and suggests that land application will not be negatively impacted by the excess surface runoff or leaching of P. In addition to this, the high P-sorption potential (low PSI values and elevated Ca content) of the WTR makes them suitable for use as eutrophication preventatives or ameliorants.
